The maximum diameter (MD) criterion is the most important factor when predicting risk of rupture of abdominal aortic aneurysms (AAAs). An elevated wall stress has also been linked to a high risk of aneurysm rupture, yet is an uncommon clinical practice to compute AAA wall stress. The purpose of this study is to assess whether other characteristics of the AAA geometry are statistically correlated with wall stress. Using in-house segmentation and meshing algorithms, 30 patient-specific AAA models were generated for finite element analysis (FEA). These models were subsequently used to estimate wall stress and maximum diameter and to evaluate the spatial distributions of wall thickness, crosssectional diameter, mean curvature, and Gaussian curvature. Data analysis consisted of statistical correlations of the aforementioned geometry metrics with wall stress for the 30 AAA inner and outer wall surfaces. In addition, a linear regression analysis was performed with all the AAA wall surfaces to quantify the relationship of the geometric indices with wall stress. These analyses indicated that while all the geometry metrics have statistically significant correlations with wall stress, the local mean curvature (LMC) exhibits the highest average Pearson's correlation coefficient for both inner and outer wall surfaces. The linear regression analysis revealed coefficients of determination for the outer and inner wall surfaces of 0.712 and 0.516, respectively, with LMC having the largest effect on the linear regression equation with wall stress. This work underscores the importance of evaluating AAA mean wall curvature as a potential surrogate for wall stress.
Introduction
An abdominal aortic aneurysm (AAA) is a localized dilatation of the abdominal aorta that causes around 1.3% of deaths in developed countries among men aged 65-85 [1] , with a high mortality risk when it ruptures [2] . AAA rupture can be prevented either by an open surgical repair, which involves a large incision in the abdomen to access the diseased abdominal aorta, or by the minimally invasive, catheter-based, endovascular aneurysm repair. To evaluate the risk of aneurysm rupture, the diameter of the aneurysm is a universally accepted factor and the general consensus is that AAAs larger than 50-55 mm in maximum diameter are at a high risk of rupture, for which repair is recommended [2] . There are exceptions to the maximum diameter criterion for patients with AAAs and also suffering Ehlers-Danlos or Marfan syndrome, in which due to vessel fragility, lower maximum diameter thresholds are typically used [3] . However, the rate of failure of this criterion ranges from 10% to 25% [4] . In an autopsy study of 473 nonoperated aneurysms, 13% of aneurysms with a maximum diameter under 50 mm ruptured, while 60% of aneurysms with diameters over 50 mm remained intact [5] . Hence, the maximum diameter criterion is not always sufficient to assess the individual risk of aneurysm rupture and alternative criteria for this assessment are warranted.
Several studies [6, 7] have demonstrated that peak wall stress (PWS), predicted by a FEA, is significantly higher in symptomatic/ruptured AAAs than in unruptured AAAs. Recently, Doyle et al. [8] showed how the rupture location of a patient-specific AAA can be predicted from high wall stress regions. However, noteworthy is that wall stress alone is not sufficient to predict rupture risk and that regional estimations of wall strength are also necessary [9] . From a purely biomechanical point of view, aneurysm rupture occurs when the local stress in the arterial wall exceeds the maximum local strength of the tissue, indicating that the relationship between localized tissue strength and stress should be considered for rupture risk assessment. To this end, Gasser et al. [10] computed the peak wall rupture risk (PWRR), which takes into account the ratio of wall stress and wall strength. A similar index to predict AAA rupture risk, the finite element analysis rupture index (FEARI), was previously defined by Doyle et al. [11] . Both indices were found to be significantly higher in the symptomatic/ruptured group that in the electively repaired group, indicating a strong correlation between areas of high stress and the rupture site based on quasi-static computational solid stress calculations. However, running FEA simulations in a clinical center on an individual basis would be a complex task that requires prior training, thereby other alternatives warrant investigation.
The role of different geometric parameters that quantitatively characterize the size, shape, wall thickness, and curvature of AAAs has also been studied [12, 13] . Tang et al. [14] reported that using bulge location and mean-averaged area in a predictive model modestly improved the accuracy of detecting aneurysm rupture. Fillinger et al. [15] proved that ruptured aneurysms tend to be less tortuous and have a greater cross-sectional diameter asymmetry. Wall thickness yields a higher PWS in AAA models with nonuniform wall thickness compared to the same geometries modeled with a constant wall thickness [16, 17] . The mean centerline curvature was also found to be a significant predictor of PWS [18] , while Nyilas et al. [19] showed that the location of maximum stress on the posterior wall seems to coincide with peaks in the magnitude of the Gaussian curvature. The presence of intraluminal thrombus (ILT) influences aortic wall degeneration and typically yields lower stresses in the regions of the wall adjacent to the ILT [20] [21] [22] . Recently, Riveros et al. [23] demonstrated a strong correlation between ILT volume and PWS.
The objective of the present work is to compute LMC and local Gaussian curvature (LGC), in addition to local wall thickness (LWT) and local cross-sectional diameter (LD), and assess the relationship of these metrics with AAA wall stress. Such assessment can be envisioned as the equivalent of providing geometric surrogates of wall stress, which could be used in future efforts for the development of a computational tool for AAA rupture risk assessment based on individual metrics of AAA geometry.
Materials and Methods
Patient Population. Thirty AAA patient computed tomography angiography (CTA) datasets were acquired retrospectively from existing medical records at Allegheny General Hospital (AGH, Pittsburgh, PA), following approval of the appropriate protocol by the Institutional Review Boards at AGH and University of Texas at San Antonio, San Antonio, TX. The CTA images corresponded to the last radiological follow up available prior to a recommendation for interventional treatment. These standard of care images consisted of 3.0 mm slices with an average pixel size of 0.69 mm. The maximum diameter of these AAAs ranged from 30 to 80 mm.
Finite Element Analysis. Using in-house segmentation and meshing software (AAAVASC, University of Texas at San Antonio [24, 25] ), the 30 AAA FEA models were generated using quadratic hexahedral elements following the method and mesh sensitivity analysis described by Raut et al. [26] . The AAA wall was assumed to be hyperelastic, incompressible, and defined by an isotropic constitutive material proposed previously by Raghavan and Vorp [27] , where the strain energy density function is defined by the following equation:
where I 1 is the first invariant of the left Cauchy-Green tensor and a and b are the material coefficients. The latter were quantified [27] and were assumed to be the same for all the FEA models used in the present work. To assign the near-incompressibility of the material, the bulk modulus was defined using the following equation:
where E is the small strain Young's modulus and is the Poisson's ratio, taken as 0.499. The FEA simulations were performed with the solver ADINA (Adina R&D, Inc., Watertown, MA) with an intraluminal loading pressure of 120 mm Hg applied in 24 time steps at 5 mm Hg intervals. The proximal and distal ends of the abdominal aorta were considered to be fixed in order to replicate anatomical tethering of the aorta. The FE meshes ranged in size from 90,000 to 200,000 elements, and computational times were in the 4-12 h range using a Windows workstation with 24 cores and 98 GB of RAM. The first principal stress, calculated from the Cauchy stress tensor components, was the primary outcome of the FEA simulations and used as representative of the AAA wall stress. The top frame of Fig. 1 illustrates the spatial distribution of wall stress obtained as the outcome of FEA simulations completed on three AAAs from the study group.
Geometry Quantification. To calculate the geometric indices, the pressurized FE meshes were exported in the form of stereolithography (.stl) files. An open-source script written in MATLAB (MathWorks, Natick, MA) was used to calculate the principal curvatures (k 1 and k 2 ) [28] . The LMC and LGC were derived from the principal curvatures according to the following equations:
LGC
Positive principal curvatures indicate convex regions, whereas negative curvatures indicate concave regions. To calculate the LD, the centerlines were extracted for each AAA using the Vascular Modeling Tool Kit (VMTK) [29] , which extracts a centerline as the trace of the maximum inscribed spheres of the vessel surface [30] . The LWT was calculated using an in-house script written in MATLAB that was validated with thickness data obtained from MAGICS v19.01 (Materialise, Leuven, Belgium) for the same AAA geometries. The bottom frame of Fig. 1 shows the spatial distribution of LMC obtained for three exemplary AAAs.
Data Analysis. The potential correlations of the geometric indices (LMC, LGC, LD, and LWT) with wall stress were studied for all the AAAs. To this end, a correlation analysis was carried out using the statistical software MINITAB (Minitab, Inc., State College, PA), considering first all the nodes (from the.stl files) that make up the outer wall surface of the AAA sac and then all the nodes from the inner wall surface. Each surface was comprised of approximately 22,000 nodes. In both studies, a Pearson's correlation coefficient and a p-value with a 95% confidence level were obtained. To further evaluate whether these geometric indices can be used as predictors of wall stress, all the nodes that make up the 30 AAA geometries (approximately 660,000 each for the inner and outer wall surfaces) were placed in two groups (one for each wall surface) and a linear regression analysis was carried out for both surfaces. The maximum diameter (MD) of each AAA was added to the analysis. The response variable was expressed using the following equation:
where Y represents the predicted response (wall stress), X i denotes the independent parameters (MD (mm), LD (mm), LMC (mm À1 ), LGC (mm À2 ), and LWT (mm)), b 0 is the intercept term, which is constant, and b i are the coefficients of each parameter that quantify their linear effect. The potential correlative relationships of the five geometric indices with wall stress were statistically analyzed at a confidence level of 95%.
Results
Correlation Analysis for Individual AAAs. The Pearson's correlation and p-values of the geometric indices and wall stresses are shown for each AAA in Table 1 for the outer wall and in Table 2 for the inner wall surfaces. On the outer wall surface, LMC, LGC, and LWT appear to be negatively correlated with wall stress, while LD is positively correlated with wall stress: the average Pearson's correlation coefficients for LMC, LGC, LWT, and LD were À0.779, À0.417, À0.234, and 0.192, respectively. Regression Analysis for all the AAAs. For the linear regression analysis based on grouping all the AAA inner and outer wall surface nodes, Table 3 describes the model coefficients along with the coefficients of determination (R 2 ) of the predictive model for each wall surface. The regression analysis yields that the five geometric indices are statistically significant (p < 0.001); the linear regression function indicates that AAA wall stress has a significant relationship with the five geometric indices. The model's coefficients of determination for the outer and inner wall surfaces were 0.712 and 0.516, respectively, indicating that 71.2% and 51.6% of the variation in the local wall stress can be explained by the statistical model. Two additional regression analyses were carried out considering only LMC and MD as independent predictive parameters. The predictability of the new models using only LMC was 47.7% and 12.0% for the outer and inner wall surfaces, respectively, while using only MD was, likewise, 23.5% and 27.7%. Combining both LMC and MD as predictive parameters, the predictability increased to 64.9% and 44.7%, respectively, for the outer and inner wall surfaces.
Discussion
This work assesses the statistical significance of the relationships of five geometric indices (LD, MD, LMC, LGC, and LWT) with AAA wall stress using a patient cohort of 30 aneurysms reconstructed from CTA images collected retrospectively. Wall stress was estimated using quasi-static FEA simulations at peak systole, while the aforementioned geometry metrics were computed using algorithms applied to FE meshes representative of the native AAAs. Statistical analyses were based on correlations of the geometric indices and wall stress for the individual AAA inner and outer wall surfaces as well as regression analyses inclusive of all the AAA wall surfaces.
For the analysis of individual AAAs, it was found that LMC exhibited the highest average correlation coefficient with wall stress compared to the other geometry metrics. Moreover, LWT had a negative correlation with wall stress for both inner and outer wall surfaces, which has an intuitive physical meaning in classical structural mechanics. A remarkable finding was that LD had the lowest average correlation coefficient with wall stress compared to LMC, LGC, and LWT. This indicates that local wall thickness and surfaces curvatures (mean and Gaussian) correlate better with wall stress than the local aneurysm diameter. The predictability of the regression models for the wall stress estimated at the outer and inner wall surfaces as a function of all the indices was 71.2% and 51.6%, respectively. The present work highlights the importance of computing LMC (a geometry metric that has been studied scarcely despite its strong statistical correlation with AAA wall mechanics) with the other four geometric indices as predictive of AAA wall stress. These statistical correlations are similar in nature to other predictive correlations based on tortuosity, asymmetry, and wall thickness [31] . It should be noted that general plate and shell theory demonstrates that there is dependence between principal curvatures and stress; however, solving analytically these theoretical equations for complex, patient-specific AAAs is not appropriate as their wall thickness to local radius ratio negates the validation of such theory. An examination of the influence of local mean curvature on AAA wall stress is nonexistent in the literature.
An ideal scenario would be for a vascular surgeon to estimate AAA rupture risk based only on patient-specific data derived from standard of care CT images. An accurate local wall stress predictive model defined by the geometric parameters calculated in the present work would be beneficial for such purpose. Noteworthy is that the accuracy of the AAA surface curvatures is likely to be sensitive to the clinical image segmentation protocol. While this work does not specifically quantify such sensitivity, it is important to consider that thresholding-based segmentation methods and subsequent smoothing of the vessel luminal and wall surfaces can result in unrealistic surface curvatures. In addition, local variations in the mean curvature of blood vessels with complex surfaces, e.g., with sharp changes in concavity and convexity, may not be accurately detected (and, subsequently, segmented) by standard of care 3.0 mm CTA slices. While this represents a limitation of the present work, future improvements in clinical imaging technology and segmentation algorithms are expected to mitigate such shortcomings. Some simplifications were made in the present study, which could limit the findings of the work to other AAA population groups: (1) although AAA tissue exhibits anisotropic behavior [32] , the isotropic nonlinear model postulated by Raghavan and Vorp [27] was implemented in the FEA models; (2) thrombus and calcifications are usually present in 75% of AAAs [1, 33] , but were not included in the FEA models; (3) the initial stresses due to the diastolic pressure acting on the AAA wall during clinical imaging were not considered; and (4) the residual stresses were not modeled, although they should have reduced the stress gradient across the arterial wall [34] , and prestretch conditions [35] were also not modeled. It should be mentioned that the purpose of this work is not to obtain the most accurate wall stress predictive model, but to analyze the impact of the local mean curvature on the wall stress. However, the aforementioned simplifications should be considered in the future to obtain more accurate wall stress predictions.
Despite these limitations, the segmentation and mesh generation algorithms used in this work have been previously validated [23, 24] and it is believed that the geometric indices are accurately representative of the native, individual AAAs. To this end, LMC was found to be the most statistically significant index for predictability of wall stress, which appears to indicate that LMC should be taken into account to estimate AAA rupture risk. Nevertheless, it is important to quantify additional geometric characteristics that can significantly predict AAA wall stress. It is unlikely that any one of the herein proposed geometric indices alone would be a reliable surrogate for rupture risk. However, by including all the significant geometry metrics and evaluating them in a larger patient cohort, a more accurate predictive model could be derived yielding a rupture risk prediction based on geometric surrogates of wall stress.
Conclusion
Five geometric indices (maximum diameter, local diameter, local mean curvature, local Gaussian curvature, and local wall thickness) were quantified for 30 AAA geometries and their relationship with AAA wall stress was statistically analyzed. The results indicate that all the indices are significantly correlated with the wall stress distribution on the inner and outer wall aneurysm surfaces. Moreover, the local mean curvature had the highest predictive value for wall stress in a linear regression analysis. Therefore, this work underscores the importance of evaluating AAA mean wall curvature as a potential surrogate for wall stress, which in turn is related to AAA rupture risk. 
